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Abstract: The High-Altitude Water Cherenkov Gamma Ray Observatory (HAWC) is designed to perform a
synoptic survey of the TeV sky. The high energy coverage of the experiment will enable studies of fundamental
physics beyond the Standard Model, and the large field of view of the detector will enable detailed studies of
cosmologically significant backgrounds and magnetic fields. We describe the sensitivity of the full HAWC array to
these phenomena in five contributions shown at the 33rd International Cosmic Ray Conference in Rio de Janeiro,
Brazil (July 2013).
Keywords: dark matter, WIMP, Q-ball, Lorentz invariance violation, primoridial black holes, intergalactic
magnetic fields
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Abstract: The High Altitude Water Cherenkov (HAWC) Observatory is a gamma-ray experiment currently under
construction at Sierra Negra in Mexico. When complete it will consist of a 22,000 square meter array of 300 water
Cherenkov detectors. Although HAWC is designed to study gamma rays from galactic and extra-galactic sources,
the large volume of instrumented water (each tank holds ∼200,000 liters) gives the opportunity to search for more
exotic species. One such target, predicted by several varieties of supersymmetric theory, is the Q-ball. Q-balls are
very massive, subrelativistic particles that can have a large baryon number and can be stable since their creation in
the early universe. They are also an appealing candidate for the dark matter of the universe, but their large masses
must mean their flux is very low. HAWC has a flexible data acquisition system which, with a dedicated trigger
algorithm for non-relativistic species, allows a search for Q-balls traversing the detector. The trigger algorithm and
sensitivity are presented here.
Keywords: Q-ball, sensitivity, HAWC
Introduction to Q-balls
The Q-ball is an exotic form of matter predicted by
supersymmetric theory [1]. Named for its ability to carry a
large baryon number and its spherical shape, a Q-ball is a
condensate of the scalars available in supersymmetry, i.e.,
squarks, sleptons, and Higgs fields. The mass of a Q-ball is
dependent on its baryon number [2]:
MQ =
4pi
√
2
3
MSQ3/4 (1)
where MS is the energy scale at which supersymmetry is
broken (an unknown parameter but generally assumed to be
within an order of magnitude of 1 TeV) and Q is the baryon
number carried by the Q-ball. The interaction cross section
is approximately equal to the physical size of the Q-ball:
σ =
pi
2
M−2S Q
1/2. (2)
One estimate [3] based on the theory of their creation (dis-
cussed below) and taking into account some cosmological
requirements finds the most likely baryon number for Q-
balls around today to be around 1024 plus or minus a few
orders of magnitude. Given Eqs. 1 and 2 with MS = 1 TeV,
these Q-balls would have a mass of about 1019 TeV (or 20
micrograms) packed into the size of an atom.
The Q-ball is an example of what is known in field
theory as a non-topological soliton. This means that it is a
stable field configuration that has some conserved charge,
in this case baryon number. It could decay into normal
baryons but will not if it is energetically disfavorable to
do so. Considering Eq. 1, it is clear that as baryon number
increases, at some point the Q-ball will be less massive
than the same baryon number stored in protons. A simple
calculation gives an estimate of the stability condition:
Q > 1.6×1015
(
MS
1 TeV
)4
. (3)
Therefore, if MS = 1 TeV, for example, a Q-ball must have a
mass over 1015 GeV (or a 25 mb cross section) to be stable.
If Q-balls meet this condition then they would be observable
in the present day and contribute to the dark matter. Their
large masses mean they could exist in the galactic halos
we observe for dark matter because they would not have
had time to relax into the disk. Just like models of halos
made of WIMPs, the Q-balls bound to the galaxy should
have a velocity distribution at the radius of Earth which
can be modeled by a maxwellian centered at 230 km/s [4].
However, to match the observed density of dark matter,
their flux must be very small, so only a detector with a very
large area would have any chance of detecting them.
The theory of the creation of Q-balls in the early universe
is called Affleck-Dine baryogenesis [5,6]. The Affleck-Dine
mechanism is a natural consequence of supersymmetry and
inflation. This theory states that after inflation, the universe
consisted of a single, nearly uniform scalar condensate:
one enormous Q-ball. Over time, small inhomogeneities
caused the Affleck-Dine condensate to become unstable
and fragment. It is thought that the Q-balls thus produced
should be of a fairly narrow band of masses [7]. The fate
of such Q-balls depends on the model of supersymmetry
and cosmology considered. They could then decay into
ordinary baryons and neutralinos or some could decay
while others remained stable. Either way, by providing
a common origin for baryons and dark matter, Affleck-
Dine baryogenesis gives an explanation for the similarity
between the abundances of these two classes of matter in
our universe.
Q-balls can answer two of the most important questions
in astrophysics: “What is the dark matter?” and “What
is the origin of the baryon asymmetry?” Detection of Q-
balls is the only known way to confirm that Affleck-Dine
baryogenesis is correct, and obviously it is also the only
way to identify them as dark matter. Therefore, searches for
Q-balls with the most suitable detectors available today are
warranted.
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Q-ball Interactions
Q-balls are required to be so massive that they would not
lose an appreciable amount of their kinetic energy even if
they passed directly through a star. Neutron star material
is dense enough to stop a Q-ball, and some restrictions
on Q-ball theory based on the existence of undisturbed
neutron stars have been calculated [8]. However, a Q-ball
passing through ordinary matter would interact frequently
and strongly. The interactions are a direct result of the
fact that the vacuum inside the surface of a Q-ball is
distinct from the rest of the universe, i.e., the rules of
particle physics are fundamentally different. The symmetry
that governs the strong force, known as SU(3)color, is
broken in the interior of a Q-ball. Therefore, when a
Q-ball is incident upon a nucleon, the nucleon and its
constituents no longer feel the strong force and the nucleon
is dissociated into quarks. The U(1)baryon symmetry is also
broken inside a Q-ball. As a result, the quarks just released
are temporarily indistinguishable from antiquarks. They
then have a probability of order one to be reflected from the
Q-ball surface as antiquarks with the Q-ball absorbing the
difference in baryon number. If the interaction was between
a Q-ball and a single, lone nucleon, the quarks would then
hadronize into pions and carry away the binding energy of
the nucleon, about 1 GeV [9].
In bulk matter, the additional particles available will
make the interaction more complicated. If the bulk matter
is water, for example, the important “scattering center”
to consider is an oxygen nucleus. In an interaction with
such a nucleus the Q-ball would destroy nucleons as
described above and create antiquarks. The antimatter
would then annihilate with the other nucleons in the nucleus.
The end result is equivalent to the annihilation products
of the sixteen nucleons in an oxygen nucleus. To first
approximation this would be on average 40 pions each
carrying around 400 MeV, though of course other particles
can and will be produced.
This large deposition of energy is more than enough
to be detected by modern experiments if it occurs inside
our detectors and technical issues, such as background
suppression, can be overcome. As mentioned above, relic
dark matter Q-balls would be traveling at subrelativistic
speeds. Then the signature of a Q-ball is a slow moving
particle depositing a lot of light as it traverses a detector.
A small Q-ball with a cross section of 25 mb (the smallest
stable Q-ball) would deposit 1.34 GeV/m while a larger
one with a cross section of 600 barns (more likely) would
deposit around 32 TeV/m.
Previous Measurements
A number of experiments have searched for evidence of
Q-balls and established upper limits on their flux on Earth.
The current state of the field is defined by results from two
experiments: Super-Kamiokande II [10] and MACRO [11].
The Super-Kamiokande detector is broken into an inner
detector containing the majority of its fiducial mass and
instrumentation and an outer detector used to veto cosmic
ray muons. The measurement by Super-Kamiokande, which
used 541.7 days of live time, was made by requiring at
least two Q-ball interactions in the inner detector (with
appropriate cuts on timing and energy deposited) while also
requiring that few PMTs were hit in the outer detector to
remove muon events. This approach allowed them to set a
limit in the range of cross sections from 0.02 to 200 mb. The
muon cut limits their ability to probe higher cross sections
because a Q-ball of high cross section would deposit too
much energy in the outer detector. In addition, the way Q-
ball interactions were modeled for the Super-Kamiokande
analysis differs from that described above. They considered
only the interaction between a Q-ball and a single nucleon
(as opposed to an oxygen nucleus), which would produce
between one and three pions carrying a total of 1 GeV. They
then modeled the water as having a uniform density of
nucleons. Therefore, the energy deposited per unit length
would be the same as the model for HAWC, but the energy
released per interaction and the frequency of interactions
are different by a factor of 16.
The limit due to MACRO data is actually a reinterpre-
tation of their limit on magnetic monopoles. This was
done in the Super-Kamiokande paper to have a point of
comparison for their limit, and they did the same with
an earlier magnetic monopole limit from Kamiokande. In
their model, a Q-ball interaction would have a very similar
signature to a magnetic monopole catalyzing nucleon
decay, and this measurement and analysis differs from
HAWC’s for similar reasons. Nonetheless, the above two
limits are presented in Fig. 1 below for comparison to
HAWC’s sensitivity. Regardless of differences in interaction
models, it is reasonable to expect that HAWC could
set a stronger limit than Super-Kamiokande or MACRO
because of its greater size (60 ktons of water compared to
Super-Kamiokande’s 50 ktons) as well as it’s flat detector
geometry, which gives more effective area for a given
volume.
It should be mentioned that a third limit on Q-ball
flux was made, but never published, by the AMANDA
experiment. The results are recorded in a Ph. D. thesis [12].
This measurement, too, differs from HAWC’s in that only
Q-ball velocities greater than 900 km/s were considered,
which is too fast for relic dark matter bound to our galaxy.
Finally, it is probable that IceCube, as the successor to
AMANDA, could perform a search for Q-balls but they
have not done so as of this writing.
The High Altitude Water Cherenkov
Observatory
The High Altitude Water Cherenkov (HAWC) observatory
is a gamma-ray experiment currently being constructed in
the mountains near Puebla, Mexico. As the successor the the
Milagro experiment, it is a second generation extensive air
shower array. It is being built at an altitude of 4,100 meters
a.s.l. and when completed will span an area of ∼22,000
m2. HAWC will be most sensitive to gamma rays from 100
GeV up to 100 TeV. With its wide field of view, HAWC
will scan about half the sky each day. In addition, the water
cherenkov technique allows HAWC to have a high duty
cycle, >90%. Therefore, HAWC is especially well suited
for galactic surveys and galactic and extra-galactic transient
detection, but will probe acceleration mechanisms of all
gamma ray sources in its energy range.
The completed array will consist of 300 optically isolated
water cherenkov detectors (WCDs), each holding∼200,000
liters of water. The WCDs are composed of cylindrical
steel tanks measuring 7.3 meters in diameter and filled
to a height of 4.5 meters. A WCD is instrumented with
four photomultiplier tubes on the bottom looking up: one
Hamamatsu R7081 high quantum efficiency PMT in the
3
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center and 3 Hamamatsu R5912 PMTs positioned halfway
to the edge of the WCD. HAWC’s modular design allows
the experiment to be operated well before construction is
complete. HAWC is taking data now with 95 WCDs and is
scheduled to be completed in the summer of 2014.
The data acquisition system consists of custom front-end
electronics boards which are being reused from the Milagro
experiment. The front end boards are used to shape the PMT
pulse and digitize the crossing times of the pulse over two
fixed voltage thresholds. The duration for which each pulse
was over the two thresholds, time over threshold (TOT), is
used as a proxy for pulse height, as the entire waveform is
not digitized. The edge times are fed into CAEN V1190
TDCs and processed by the on-site computing farm.
One of the most critical aspects of HAWC’s design
that allows for the search for Q-balls and other exotic
species, is the software trigger. HAWC’s 1200 PMTs will
generate an estimated 500 MB/s of raw data, which must
be reduced before it can leave the site. Only ∼20 MB/s
will be permanently recorded. To accomplish this, HAWC
employs a highly flexible and totally software-based trigger.
Although the standard trigger for air showers is based on
multiplicity of PMTs hit in a short time window (on the
order of a microsecond), other triggers can be run in parallel.
For example, fast reconstruction algorithms can be run
over signals with smaller multiplicity to recover smaller
air showers and improve low energy sensitivity. Custom
triggers for exotic species can also be utilized. Since Q-
balls are subrelativistic, the time scale of their interaction
must be very different from anything else that HAWC was
designed to detect. Therefore, a dedicated Q-ball trigger is
necessary.
Trigger Algorithm
HAWC’s trigger algorithm for Q-balls works as follows:
We require that at least three out of the four PMTs in a
WCD are hit above a threshold of 10 photoelectrons within
50 ns. This is called a tank hit and represents the potential
detection of one Q-ball interaction in the water. However,
that signature alone is not sufficient because it could be
mimicked by a muon striking a WCD and depositing a large
amount of energy. So, we must eliminate that background by
requiring multiple interactions. Many orders of magnitude
are allowed for the size of a Q-ball, but with a high enough
cross section (∼100 mb), a Q-ball passing through a WCD
would interact multiple times. Several muons can still hit
with timing that mimics a Q-ball signal, but of course it
would be rarer. Since the times of the hits are recorded and
the size of the WCD is known, we have an estimate of the
maximum speed of the potential particle. We can then cut
on this value to match the expected velocity distribution
for Q-balls. After adjusting for the motion of the earth, the
average measured velocity should be about 320 km/s. Then
the time for a Q-ball to cross a 7 meter WCD is on average
is 22 us. We want to account for Q-balls with low velocities,
so we look in a sliding time window of 86 us, which should
save over 98% of the expected distribution.
The n-fold coincidence rate of a single detector with a hit
rate of r in a time interval ∆t is given by Poisson statistics:
Rn =
r · (r∆t)n−1 · e−r∆t
(n−1)! (4)
The rate of muons incident upon a WCD is on the order of
10 kHz. It is difficult to accurately estimate what fraction of
those muons would meet the conditions for a tank hit, but
the measured rate of such tank hits is about 1,850 kHz per
tank. Then using Eq. 4 gives an estimate of the background
trigger rate as a function of the number of hits required. To
reach an acceptable trigger rate we require at least six hits,
giving a calculated trigger rate of 0.0013 Hz per tank. This
matches well with the measured rate of 0.0014 Hz.
All PMT hits in the entire array are saved for several
milliseconds around a Q-ball trigger so that further recon-
struction can be done thoroughly. For example, if some
of the hits causing a Q-ball trigger were demonstrably
associated with an air shower, they could be discarded.
Further, the timing and reconstructed locations of the
interactions can be checked to see if they are consistent
with the slow, straight track that a Q-ball should have.
Saturation Trigger
There is a limitation in the effectiveness of the above
trigger algorithm for Q-balls of very high cross section
due to the fact that such a Q-ball passing through a WCD
would be creating so much light that it would saturate
the electronics. Specifically, the interactions, and therefore
PMT pulses, would be happening so fast they would begin
to have a good chance of overlapping above ∼2 barns. As
mentioned above and shown below, cross sections in the
range of hundreds to thousands of barns seem to be the
most theoretically motivated sizes to look for. Therefore,
although it is clear that the previously described trigger will
not work here, we would like to be able to set a limit at
high cross sections if possible. To do so, we are currently
evaluating the possibility of triggering on the signature of
four saturated PMTs over a period of tens of microseconds.
We can mimic the fast pulses with a high frequency laser and
study the waveforms produced as well as the digital signal
from the front-end electronics. This scheme should work
unless the saturation mode of the PMTs is indistinguishable
from normal operation. Again, due to the software trigger,
all that would be needed is another piece of code to search
for appropriate signature.
Sensitivity
The sensitivity of HAWC to Q-balls can be estimated in a
straightforward manner. Since a Q-ball can pass through
the entire planet without being significantly affected,
HAWC can accept Q-balls from above, below, or the side.
An estimate of the effective aperture is then given by
multiplying the appropriate solid angles by the areas for the
top, bottom, and sides of the HAWC array. Adding these
up gives an aperture of (A ·Ω)e f f = 172,000 m2 · sr. Using
the standard machinery for computing upper limits [13], the
one-year sensitivity of HAWC at 90% confidence level is:
2.3
172,000 m2 · sr ·1 yr = 4.26×10
−17 cm−2 · sr−1 · s−1.
(5)
As mentioned above, the standard trigger requires at least
six interactions in a single WCD which is very unlikely for
low cross sections. This means our sensitivity “turns on”
when it becomes likely to have at least six interactions in
a few meters of water. The probability of a Q-ball of cross
section σ interacting N times in a distance x is:
P(N) =
(xσn)N
N!
· e−xσn (6)
4
Searching for Q-balls with HAWC
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
Q-Ball Cross Section [mb]
1 10 210 310 410 510 610 710
]
-
1
 
s
-
1
 
sr
-
2
Q-
Ba
ll F
lux
 [c
m
-1710
-1610
-1510
-1410
-1310
-1210
Super-Kamiokande II
MACRO Monopoles
HAWC 300 Preliminary
24Q-Ball with Q=10
 =   1 TeVSusyM
 = 10 TeVSusyM
Laine & Shaposhnikov (1998)
Figure 1: Estimated flux upper limit for HAWC with one
year of the full array taking data assuming no background,
as compared to current limits. The solid line indicates
what can definitely be done with the current Q-ball trigger
algorithm while the dashed line indicates cross sections
which could be accessible if the saturation trigger is viable.
The blue lines on the right show expectations from theory:
if one assumes all the dark matter is composed of Q-balls,
then the estimated dark matter density, velocity distribution,
and Q-ball mass can be used to calculate the expected
flux. The Q-ball mass can be written as a function of cross
section and the scale at which SUSY is broken. Since
MSUSY is unknown, the flux vs. cross section is plotted
for two values for illustrative purposes. The black triangle
represents the estimate mentioned in Sec. 1 where the
details of Affleck-Dine baryogenesis were considered it
was required that the correct baryon asymmetry we observe
today is generated [3].
where n is the number density of water molecules. The
probability of getting 6 or more interactions is then:
P(≥ 6) = 1−P(0)−P(1)...−P(5). (7)
Shown in Fig. 1 is HAWC’s sensitivity to Q-balls for
one year of the full array operating, in comparison to
established limits and a prediction from theory. This curve
assumes that all background triggers can be removed
after reconstruction. This is a reasonable assumption since
there are many quantities to discriminate with. Studies
of minimum bias data have shown that even the simplest
approach, tightening the cuts in the trigger algorithm,
can eliminate the vast majority of background triggers.
For example, the distribution of maximum velocities for
recorded triggers (assumed to be background) is quite
different from the velocity distribution expected for Q-ball
dark matter (see Fig. 2).
Conclusion
The High Altitude Water Cherenkov Observatory is taking
data now, and will continue to do so as the array grows
over the next year. HAWC is poised to provide us with an
unprecedented view of the sky in the energy range from
100 GeV to 100 TeV. The sensitivity and flexibility of
HAWC also allows us to study a number of fundamental
physical and cosmological questions. The Q-ball, as a dark
Q-Ball Velocity (km/s)
0 100 200 300 400 500 600 700 800
N
um
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Figure 2: Velocity distributions measured from triggers and
expected velocity distribution for dark matter Q-balls. The
histograms have been scaled for ease of comparison.
matter candidate and a potential explanation of the baryon
asymmetry, is a theoretically well motivated target for a
search. HAWC will be able to set the strongest limit to date
over the range of cross sections to which it is sensitive, and
could potentially extend a limit into a region of parameter
space that has never been probed.
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Abstract: Primordial black holes (PBHs) are hypothetical black holes that may have formed from extreme
densities of matter present during the early universe. Hawking showed that due to quantum-gravitational effects, a
black hole possesses a temperature inversely proportional to its mass and emits with a thermal spectrum all species
of fundamental particles. PBHs with initial masses of ∼ 5.0×1014 g should be expiring now with bursts of high-
energy particles, including gamma rays in the MeV — TeV energy range, making them candidate gamma ray burst
(GRB) progenitors. A number of detectors have searched for these events and reported upper limits. The upcoming
High Altitude Water Cherenkov (HAWC) observatory is a next generation water Cherenkov telescope located in
Mexico at 4100 m above sea level. HAWC is sensitive to gamma-rays in the energy range 50 GeV to 100 TeV.
Due to its wide field-of-view and high duty-cycle, HAWC will become the prime observatory for either detecting a
PBH burst or setting stringent new limits on the PBH burst rate. In this paper we present the sensitivity of HAWC
to PBH bursts according to the standard model of particle physics.
Keywords: PBH, GRB, HAWC, Black Holes
Introduction
Primordial Black Holes (PBHs) are created from density
inhomogeneities in many scenarios of the early universe [1].
The initial mass of the PBH is typically roughly the horizon
or Hubble mass at formation or smaller, giving possible
PBH masses ranging from supermassive black hole scales
down to the Planck scale. PBH production can thus have
observable consequences today spanning from the very
largest scales, for example influencing the development of
large-scale structure in the Universe to the smallest scales,
for example enhancing local dark matter clustering. PBHs,
or their relics, are Cold Dark Matter candidates. For particle
physics, the greatest interest is in the radiation directly
emitted by the black hole. By evolving an ingoing solution
past a gravitationally collapsing object, Hawking showed
that a black hole will thermally emit (‘evaporate’) with a
temperature inversely proportional to the black hole mass
all available species of fundamental particles [2]. PBHs with
an initial mass of ∼ 5.0×1014 g should be expiring now
with bursts of high-energy particles [3], including gamma
radiation in the MeV – TeV energy range.
Detection of radiation from a PBH burst would provide
valuable insights into the early universe and many areas of
physics, as well as confirm the amalgamation of classical
thermodynamics with general relativity [1]. Observations
of the emitted radiation will give access to the particle
physics models at energies higher than those which will
ever be accessible in accelerators. Non-detection of PBHs
in dedicated searches will also give important information.
In the cosmological context, one of the most important mo-
tivations for PBH searches is to place limits on the spectrum
of initial density fluctuations in the early universe [1]. In
particular, PBHs can form from the quantum fluctuations
associated with many types of inflationary scenarios [4].
Other PBH formation mechanisms include those associated
with cosmological phase transitions, topological defects or
an epoch of low pressure (soft equation of state) in the early
universe.
Evaporating PBHs are candidate gamma ray burst
(GRB) progenitors. Most GRBs are generally thought
to be produced by the collapse of massive stars (long
duration GRBs) or the merger of compact objects (short
duration GRBs). However, some short duration GRBs show
behavior that may point to a different origin. The spectra
of some short duration GRBs are harder than others, and
some studies have shown that the distribution of GRBs
with durations less than 100 ms is anisotropic [5]. These
observations may indicate a different origin for some
fraction of the short GRBs.
If some short GRBs do indeed have a PBH origin, then
their sources should be located within our Galaxy and their
TeV radiation should not be attenuated by interaction with
extra-galactic background photons. Thus, we expect to see
TeV gamma rays from PBH bursts. So far, observations
have not detected a TeV PBH burst.
Various direct and indirect search methods probe differ-
ent distance scales when setting PBH upper limits. Table 1
gives a summary of various search methods, distance scales
that they probe and current best limits. The upcoming High
Altitude Water Cherenkov (HAWC) observatory has the
ability to either detect a PBH burst or set stringent new
limits on the PBH burst rate. In this paper we present
the sensitivity of HAWC to PBH bursts according to the
standard model of Hawking radiation and particle physics.
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Distance Scale Limit Method
Cosmological Scale < 10−6 pc−3yr−1 (1)
Galactic Scale < 0.42 pc−3yr−1 (2)
Kiloparsec Scale < 0.0012 pc−3yr−1 (3)
Parsec Scale < 4.6×105 pc−3yr−1 (4)
Table 1: PBH Limits vary with distance scales: (1) from
100 MeV extragalactic γ-ray background assuming no clus-
tering [1,6], (2) from 100 MeV anisotropy measurement [7],
(3) from antiproton flux [8] and (4) from Very High Energy
(VHE) searches [9].
HAWC Observatory
HAWC is a very-high-energy observatory under construc-
tion at Sierra Negra, Mexico at an altitude of 4100m. It
consists of 300 water tanks with 4 photomultiplier tubes
(PMT) each and will detect Cherenkov light from secondary
particles created in extensive air showers induced by very-
high-energy gamma rays in the energy range from 30
GeV to 100 TeV. HAWC has two data acquisition (DAQ)
systems: the main DAQ and the scaler DAQ. The main DAQ
system measures the arrival direction and energy of the
high-energy gamma rays by timing the arrival of particles
on the ground. The direction of the original primary particle
may be resolved with an error between 0.1 and 2.0 degrees
depending on its energy and location in the sky. The scaler
DAQ counts the number of hits in each PMT, allowing the
search for excesses over the background noise. HAWC has a
large field-of-view (1.8 sr or 1/7 th of the sky) and will have
a high duty cycle of greater than 90%. Thus HAWC should
be able to observe high-energy emission from gamma-ray
transients that extend beyond 30 GeV [10].
PBH Spectrum
The properties of the final burst of radiation from a PBH
depend on the physics governing the production and decay
of high-energy particles. As the black hole evaporates, it
loses mass and hence its temperature and the number of dis-
tinct particle species that it emits increase over its lifetime.
In the Standard Evaporation Model (SEM) [11, 12], a PBH
should emit those particles whose Compton wavelengths
are of the order of the black hole size. When the black hole
temperature exceeds the Quantum Chromodynamics (QCD)
confinement scale (250–300 MeV), quarks and gluons will
be directly emitted by the black hole [6, 12]. The quarks
and gluons should fragment and hadronize as they stream
away from the black hole, analogous to the jets seen in
accelerators [3, 12]. On astrophysical timescales, the jets
will decay into photons, neutrinos, electrons, positrons,
protons and anti-protons.
Detailed studies using the SEM to simulate the particle
spectra from black holes with temperatures of 1−100 GeV
have shown that the gamma-ray spectrum is dominated by
the photons produced by the decay of neutral pions in the
Hawking-emitted QCD jets and is broadly peaked at photon
energies of ∼100 MeV. The photons which are directly
Hawking-emitted and not the result of decays are visible as a
much smaller peak at a much higher photon energy [12]. As
the evaporation proceeds to higher temperatures, the greater
the number of fundamental particle degrees of freedom and
the faster and more powerful will be the final burst, with the
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Figure 1: PBH Spectrum for various remaining lifetimes.
The black hole temperature at the start of observation is
also shown in parentheses.
details of the spectra differing according to the high energy
particle physics model. In this work, we will assume the
SEM as our particle physics and emission model.
The temperature (T ) of a black hole depends on the
remaining lifetime (τ) of the black hole (the time left until
the total evaporation is completed) as follows [13]:
T =
[
4.7×1011
(
1sec
τ
)]1/3
GeV. (1)
For black holes with temperatures greater than several GeVs
at the start of the observation, the time–integrated photon
flux can be parameterized as (for E >∼ 10 GeV) [13]
dN
dE
≈ 9×1035
{( 1GeV
T
)3/2( 1GeV
E
)3/2
, E < T( 1GeV
E
)3
, E ≥ T (2)
where E, the gamma-ray photon energy, is measured in GeV.
Figure 1 shows the PBH spectrum for various remaining
lifetimes ranging from 0.001 seconds to 100 seconds.
Methodology
Detectable Volume Estimation
In order to calculate the PBH density upper limits, it is
essential to calculate the PBH detectable volume for a given
detector.
In general, the expected number of photons detectable by
an observatory on the ground from a PBH burst of duration
τ seconds at a distance r and zenith angle θ is
µ(r,θ ,τ) =
(1− f )
4pir2
∫ E2
E1
dN
dE
A(E,θ)dE (3)
where f is the dead time of the detector, dN/dE is the
gamma-ray emission spectrum integrated from remaining
time τ to 0. The values E1 and E2 correspond to the
lower and upper bounds of the energy range searched
and A(E,θ) is the effective area of the detector as a
function of photon energy and zenith angle. Typically
the function A(E,θ) is obtained from a simulation of
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the detector. For HAWC, we have parameterized the
effective area for the four zenith angle bands as A(E) =
10a(logE)
3+b(logE)2+c logE+d m2 and the parametrization pa-
rameters are given in Table 2. The minimum number of
Zenith Angle a b c d
0◦ - 26◦ (θ1) 0.1956 -2.6778 12.1899 -13.5000
26◦ - 37◦ (θ2) 0 -0.6966 6.0714 -8.2530
37◦ - 46◦ (θ3) 0 -0.7171 6.5935 -10.3238
46◦ - 53◦ (θ4) 0 -0.5981 6.2712 -11.5935
Table 2: Effective area parametrization parameters for
various zenith angle bands.
counts needed for a detection, µ◦(θi,τ), is estimated for
different burst durations by finding the number of counts
required over the background for a 5σ detection after trials
correction.
We have calculated the background rates (R(θi)) using
a Monte Carlo simulation. Using these background rates,
one can find the µ◦(θi,τ) values required for the 50%
probability of detecting a 5σ excess after a given number
of trials based on the Poisson distribution as follows.
We define a 5σ detection after correction for Nt trials
as requiring the number of counts n which would have a
Poisson probability P corresponding to a corrected p-value
pc given by
pc = po/Nt = P(≥ n|nbk) (4)
where p0 (= 2.3×10−7) is the p-value corresponding to 5σ
and nbk = τ ×R(θi) is the number of background counts
corresponding to various burst durations.
We then find the value of µ◦(θi,τ), the amount of
expected signal which would satisfy this criterion 50%
of the time. One expects this to be roughly µ◦(θi,τ) =
n− nbk; more precisely, we find µ◦(τ) which makes the
Poisson probability P of finding at least n counts to be 50%
according to the relation
P(≥ n|nbk+µ◦(τ)) = 0.5. (5)
By substituting µ◦(θi,τ) values corresponding to various
burst durations into Equation 3 and solving for r, we
calculate the maximum distance from which a PBH burst
could be detected by the HAWC observatory for the four
zenith bands and for various burst durations,
rmax(θi,τ) =
√
(1− f )
4piµ◦(θi,τ)
∫ E2
E1
dN
dE
A(E,θi)dE. (6)
Denoting the field-of-view of the detector by
FOV(θi) = 2pi(1− cosθi,max)sr, (7)
the detectable volume is then
V (τ) =∑
i
V (θi,τ) =
4
3
pi∑
i
r3max(θi,τ)×
effFOV(θi)
4pi
(8)
where θi refers to zenith angle band and θi,max corresponds
to the maximum zenith angle in band i. The effFOV is the
effective field-of-view for the given zenith angle band. We
calculate this by subtracting the FOV of the smaller band
from the larger band as shown below:
V (τ) =
1
3
[
r3max(θ1,τ) ·FOV(θ1)
+r3max(θ2,τ)[FOV(θ2)−FOV(θ1)]
+r3max(θ3,τ)[FOV(θ3)−FOV(θ2)]
+r3max(θ4,τ)[FOV(θ4)−FOV(θ3)]
]
(9)
Upper Limit Estimation
If PBHs are uniformly distributed in the solar neighborhood,
the X% confidence level upper limit (ULX ) to the rate
density of evaporating PBHs can be estimated as
ULX =
m
V ×P (10)
if zero bursts are observed at the X% confidence level.
Here V is the effective detectable volume, P is the search
duration and m is the expected upper limit on the number
of PBH evaporations given that zero bursts are observed.
Note that PPoisson(0|n) = 1−X → m0e−m/0! = 1−X →
m=− ln(1−X)→m= ln(1/(1−X)). Thus for X = 99%,
the upper limit on the evaporating PBH rate density will be
(m = ln100≈ 4.6)
UL99 =
4.6
V ×P . (11)
Results
Because we are seeking the sensitivity in the case where
there is no prior knowledge of the burst location, we need
to take into account the trials needed for the search. If we
divide the HAWC field of view, 1.8 sr, into bins of 0.70
radius, then there will be approximately 104 spatial bins
(trials) per time bin searched. The number of time bins
are estimated by dividing the total search period (5 years)
by the burst duration. This results in different numbers of
trials for different burst durations. Taking these different
trials factors into account we have calculated the µ◦(θi,τ)
values corresponding to burst durations ranging from 0.001
seconds to 100 seconds for various zenith angle bands. The
resulting values for µ◦(θi,τ) are given in the Table 3.
These µ◦(θi,τ) values are then inserted into the Equa-
tion 6 (with E1=50 GeV and E2=100 TeV) and the
maximum distance at which PBH burst can be seen by the
HAWC observatory calculated. We have assumed negligible
dead time for HAWC. From the rmax values and Equation 9,
we calculate the effective detectable volume. The resulting
values for rmax and V are shown in Table 4.
Finally our 99% confidence level upper limits for a 5
year search period, calculated from Equation 11, are shown
in Figure 2.
Discussion
According to Figure 2, a null detection with the HAWC
Observatory will set upper limits which are approximately
two orders of magnitude better than upper limits set by any
previous PBH burst searches. The current upper limits based
on null detection are also shown in Figure 2 [9, 14, 15].
We note that the direct search limits on the rate density
of PBH bursts are weaker than that implied by the limit on
8
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Duration (s) Zenith Bk. Counts (nbk) µ◦(θi,τ)
0.001 θ1 0.0024 5.7
0.001 θ2 0.0012 4.7
0.001 θ3 0.0005 4.7
0.001 θ4 0.0002 3.7
0.01 θ1 0.0242 7.6
0.01 θ2 0.0115 6.7
0.01 θ3 0.0047 5.7
0.01 θ4 0.0016 5.7
0.1 θ1 0.242 12.4
0.1 θ2 0.115 10.6
0.1 θ3 0.047 8.6
0.1 θ4 0.016 6.7
1.0 θ1 2.42 22.2
1.0 θ2 1.15 17.5
1.0 θ3 0.47 14.2
1.0 θ4 0.16 10.5
10.0 θ1 24.2 51.5
10.0 θ2 11.5 38.2
10.0 θ3 4.7 28.0
10.0 θ4 1.6 20.1
100.0 θ1 242.0 140.7
100.0 θ2 115.0 100.7
100.0 θ3 47.0 67.7
100.0 θ4 16.0 43.7
Table 3: Counts needed over the background for a 5σ
detection with 50% probability for various burst durations.
the average cosmological density of PBHs derived from
the 100 MeV extragalactic gamma ray background [6, 16].
However, as cold dark matter candidates, PBHs should be
clustered in the Galaxy and so the local PBH rate density
should be enhanced by many orders of magnitude over
the average cosmological PBH density. Thus a substantial
number of PBHs that evaporate as GRBs may exist in
our Galaxy. If PBHs are clustered in our Galactic halo,
then they should also contribute an anisotropic Galactic
gamma-ray background, separable from the extragalactic
background. Wright claims that such a halo background
has been detected [7]. The direct search limits are also
weaker than that derived from the Galactic antiproton
background [8]. However the antiproton background limit
depends on the distribution of PBHs within the Galaxy and
the propagation of antiprotons through the Galaxy, as well
as the production and the propagation of the secondary
antiproton component which is produced by interactions of
cosmic-ray nuclei with the interstellar gas.
The HAWC observatory has the ability to directly
detect emission from nearby PBH bursts. This capability
is scientifically very important, given the large number of
early universe theories that predict PBH formation and
the uncertainty in the degree to which PBHs may cluster
locally. A confirmed direct detection of an evaporating PBH
would provide unparalleled insight into high energy particle
physics and general relativity.
Burst Duration (s) rmax (pc) Effective Volume (pc3)
0.001 0.027 0.000010
0.01 0.041 0.000030
0.1 0.055 0.000070
1.0 0.067 0.00012
10.0 0.069 0.00011
100.0 0.06 0.000070
Table 4: The maximum detectable distance and the de-
tectable effective volume for various remaining PBH
lifetimes.
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Figure 2: PBH Burst Rate Upper Limits from various
experiments [9, 14, 15].
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Abstract: A growing body of evidence exists supporting the existence of Dark Matter (DM) yet its particle
nature remains a mystery. Weakly-interacting massive particles (WIMPs) with a mass ranging from 10 GeV to 10
TeV are a popular candidate to explain the particle nature of DM. A WIMP hypothesis is compelling as it naturally
explains the density of DM observed (thermal freeze out) and such particles are expected in some solutions to the
gauge hierarchy problem. Such WIMPs are expected to annihilate into Standard Model particles and produce high
energy photons via various processes. Detecting such high energy photons would provide an indirect detection of
the DM particle mass.
Below 1 TeV the Fermi-LAT provides the community with the most stringent limits of indirect detection of WIMP
candidates. Above 1 TeV air-Cˇerenkov telescopes such as VERITAS and H.E.S.S. have placed competitive limits
using a subset of expected WIMP emission sources. The High Altitude Water Cˇerenkov (HAWC) observatory
complements these detectors above a few 100 GeV with its large effective area, excellent angular resolution,
efficient gamma-hadron separation, and greater than 90% duty cycle. HAWC is currently being deployed and
operated near Puebla, Mexico. We present preliminary predictions for the limits for various DM annhilation
channel hypotheses that we will be able to place with the HAWC Observatory.
Keywords: icrc2013, dark matter, HAWC, gamma-rays
Introduction
Evidence for Dark Matter (DM) is present in a multitude
of observations: gravitational lensing of at a multitude
of scales [1–3], rotation curves of galaxies and dwarf
spheroidal galaxies [4–7], galaxy clusters [8], large-scale
structure [9], and the cosmic microwave background [10];
yet the particle nature of the dark matter remains a mys-
tery [11]. Weakly-interacting massive particles (WIMPs)
with a mass ranging from 10 GeV to 10 TeV are a popular
candidate to explain the particle nature of DM [11]. A
WIMP hypothesis is well motivated as it naturally explains
the density of DM observed (thermal freeze out) and
such particles are expected in some solutions to the gauge
hierarchy problem. Such WIMPs are expected to annihilate
into Standard Model particles and produce high energy
photons via various processes. Detecting such high energy
photons would provide an indirect detection of the DM
particle mass.
Dwarf Spheroidal Galaxies are dominated by DM [4,12]
and nearby making them ideal candidates for placing limits
on 〈σv〉 . Furthermore, these objects have a very low flux
of high-energy photons from conventional astrophysical
means and are essentially background-free for the detection
of annihilation signatures. These objects have been searched
for photon emission by VERITAS [13], H.E.S.S. [14, 15],
and MAGIC [16], and Fermi Large Area Telescope (Fermi-
LAT) [17] and used to place limits on 〈σv〉 vs. Mχ where
χ denotes the DM particle. Segue 1 has been of particular
interest as it is the “least-luminous Galaxy” and highly DM
dominated [4, 12].
Here we present limits on DM candidate velocity
weighted cross-section vs. their masses for observations
of Segue 1. These limits use data collected on the HAWC-
30 sub-detector during the deployment of HAWC and
represent the most stringent limits available above 20 TeV.
Also shown are the predicted sensitivity of HAWC once
completed in 2014.
Instrument
The High Altitude Water Cˇerenkov (HAWC) observatory
is currently being deployed near Puebla, Mexico. When
completed in 2014 it will consist of 300 optically–isolated
galvanized steel tanks, each 7.3 m in diameter and 4.5
m deep. The design is built upon the successful water
Cˇerenkov technique pioneered by Milagro [18–25]. HAWC
will have about 10 times the densely instrumented deep–
water area of Milagro providing a dramatic improvement
in low–energy effective area and both angular and energy
resolutions. Situated at an elevation of 4100 m (compared
to 2649 m for Milagro), HAWC will detect showers which
would not reach Milagro at its greater atmospheric depth,
HAWC will thus have a minimum energy threshold well
below that of Milagro. The segmentation of the deep water
into optically isolated tanks improves the hadron rejection
efficiency over that of Milagro by a factor of about 10 at
high energies. HAWC, with its nearly 100% duty cycle,
large field of view, and large effective area, will complement
the capabilities of the Fermi-LAT [26–30] and make it an
excellent observatory for transient objects.
HAWC’s modularity allows data taking during deploy-
ment; as tanks are instrumented and verified they are placed
into the data stream. The HAWC-30 sub-detector consists
of approximately 30 tanks in a rough equilateral triangle.
Data presented herein use the HAWC-30 sub-detector.
Indirect Detection of WIMPs with HAWC
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Figure 1: Predicted differential photon flux, given by Eqn.
1, from Segue 1 for 10 TeV WIMP candidates for various
annihilation channels.
Method
We use the standard method of predicting the gamma-
ray flux due to various annihilation hypothesis and source
morphologies [31]. This method has been employed in
searches conducted by the VERITAS [13], H.E.S.S. [14,
15], and MAGIC [16] Imaging Atmospheric Cˇerenkov
Telescopes (IACTs), and by the Fermi Large Area Telescope
(Fermi-LAT) [17]. A more detailed description of the full
method can be found in Abazajian and Harding [15] Here
we examine four annihilation channels:
• χχ¯ →WW¯
• χχ¯ → tt¯
• χχ¯ → bb¯
• χχ¯ → ττ¯
The differential photon flux for any annihilation channel
is written as:
d3Nγ
dEdtdA
=
1
4pi
〈σv〉
2M2χ
dNγ
dE
J(ψ) (1)
where 〈σv〉 is the velocity-weighted average cross section,
Mχ is the mass of the presumed dark matter, dNγ/dE is
the gamma-ray energy distribution per annihilation from
the subsequent showering and decay of the annihilation
products. The photon flux observable at Earth is determined
using PYTHIA [32] by setting the center-of-mass energy to
twice Mχ and simulating the shower for each annihilation
channel. An example of d3Φγ/dEdtdA is shown in Figure
1 for a WIMP mass of 10 TeV. The shapes of these spectra
generally scale with WIMP mass, e.g. a 1 TeV WIMP
annihilating into ττ¯ would have a local maxima at around
300 GeV instead of 3 TeV shown in the figure.
The J(ψ) is the integral of the squared DM density (ρ)
over the line of sight (ψ) and field of view (dΩ) as shown
in Eqn. 2.
J(ψ) =
∫
∆Ω
∫
l.o.s.
ρ2χ(l(ψ))dldΩ (2)
This factor contains all the astrophysical information about
the source being examined and is generally constrained
by other observations of the object being studied. As the
10-2 10-1 100 101 102
Mχ [TeV]
10-26
10-25
10-24
10-23
10-22
10-21
10-20
10-19
<
σ
v
>
 [
cm
3
 s
−1
]
Thermal Cross Section
Dark Matter Limits from Segue1
χχ¯→bb¯ - Fermi-LAT
χχ¯→ττ¯ - Fermi-LAT
χχ¯→bb¯ - VERITAS
χχ¯→ττ¯ - VERITAS
χχ¯→bb¯ - HAWC-300 (1 yrs)
χχ¯→ττ¯ - HAWC-300 (1 yrs)
χχ¯→bb¯ - HAWC-30 (82.8 days)
χχ¯→ττ¯ - HAWC-30 (82.8 days)
Figure 2: Current limits on 〈σv〉 vs. Mχ in the annihilation
channels χχ¯ → ττ¯ and χχ¯ → bb¯ from observations of
Segue 1 made by Fermi-LAT (24 months) [17] and
VERITAS (50 hrs) [13]. Preliminary HAWC-30 sensitivity
for 82.8 day of observation and anticipated sensitivity of
HAWC-300 for 1 years of observation.
gamma-ray flux is proportional to this factor, sources with
a large J(ψ) and minimal gamma-ray flux due to non-DM
sources are ideal. The J(ψ) factor for Segue 1 is 7.7 ·1018
GeV−2 cm−5 sr.
Using the above formalism for each source, annihilation
channel, and WIMP mass, limits on 〈σv〉 can be placed.
The limiting value of 〈σv〉 is found by finding the maximum
value consistent with our data (or simulation) at the two
σ level (approximately 95%). HAWC is sensitive to DM
masses of about 1 TeV and above.
Results
Figures 2 and 3 show the limits obtained from observations
of Segue 1 with Fermi-LAT ( 24 months), VERITAS (50
hrs), and HAWC-30 (82.8 days) as well as the anticipated
limits from HAWC-300 (1 years). The cross section needed
to produce all of the dark matter thermally in the early
universe is shown for comparison. The cross section at z=0
could be substantially higher (103 or 104) than during the
thermal freeze out if the mediators of the annihilation are
massive bosons, the so-called Sommerfeld enhancement
effect (e.g. [33]). Above 1 TeV this possibility is very real:
the W and Z bosons are already-known particles that must
enhance the cross section at low velocities if they participate
in the annihilation. With such cross-section boosts and
potential boosts (perhaps as much as 10x) from un-modeled
dark matter substructure, thermally-produced WIMPs may
be accessible with HAWC.
Conclusion
HAWC-30, a small fraction of the final area of HAWC-
300, is already providing limits from indirect detection on
〈σv〉 vs. Mχ as seen in Figs. 2 and 3. As HAWC continues
to be deployed its sensitivity will improve from increases
in effective area, angular resolution, and gamma/hadron
separation. Observations with HAWC on DM dominated
objects such as Segue 1 will provide competitive limits on
dark matter with masses above 1 TeV. Additionally, much
like the Fermi-LAT, HAWC can be used to observe every
dwarf spheroidal galaxy in its field of view (even ones that
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Figure 3: Preliminiary limits on 〈σv〉 vs. Mχ in the
annihilation channels χχ¯ → tt¯ and χχ¯ →WW¯ from Segue
1.
are newly discovered) as well as to stack the signals from
many sources much like analyses of Fermi-LAT data [17].
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Sensitivity of the HAWC Detector to Violations of Lorentz Invariance
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Abstract: Lorentz invariance is believed to be a fundamental symmetry of the universe. Many theories of quantum
gravity, however, break Lorentz invariance at small scales and high energies explicitly. It is, therefore, of great
interest to be able to place limits on some model and, if possible, even to observe this effect. The observation of a
violation of Lorentz invariance would revolutionize our view of the universe and probe physics at energy scales
not attainable with earthbound accelerators. Gamma-ray bursts provide an ideal laboratory to search for such
phenomena. The combination of extreme distance (billions of light years), high energy emission (up to at least
30GeV), and short duration (burst durations of less than one-second have been observed), allows one to measure
the relative speed of different energy photons to a part in 1016. In this paper we will discuss current limits and the
prospect for HAWC to improve upon these limits.
Keywords: HAWC, gamma rays, Lorentz Invariance Violation
Introduction
In this paper, we evaluate the potential of the HAWC
observatory [1, 2] to place limits on theoretical models of
some classes of theories, which predict the violations of
Lorentz Invariance.
Lorentz invariance is a fundamental symmetry in modern
physics, in particular of quantum field theories (QFTs)
[3]. Many theories and models developed to unify QFTs
with General Relativity predict the violation of Lorentz
Invariance at very small scale or very high energies [4],
which can lead to observable effects [5].
Based on dimensional arguments, it is typically expected
that effects of quantum gravity (QG) and therefore Lorentz
Invariance Violation (LIV) occur at the Planck scale, char-
acterised by the Planck Mass mpl =
√
h¯c/G ≈ 1019 GeV.
The Planck Scale is out of direct reach of any current or
foreseeable accelerator. Nevertheless, it is possible that
effects of QG lead to small but observable effects at lower,
accesible, energies. Of particular interest in gamma ray
observations are models which predict a modification of the
dispersion relation for photons, which implies deviation of
the velocity of photons from the speed of light in vacuum c.
The leading term of the modified dispersion relation is [6]
E2 ' p2c2
(
1+ξn
(
pc
EQG
)n)
. (1)
In this equation, EQG is the energy scale where QG
effects set in and ξn an expansion coefficient. The order
of the leading term is model dependent. Models typically
considered have linear or quadratic leading terms.
In studies using gamma ray sources, it is common to
combine the Planck scale and the leading coefficient into
one scale variable E(n)QG = EQGξ
−1/n
n and to quote limits for
this variable. The modified dispersion relation leads to a
modification in the propagation speed of photons
v =
dE
dp
≈ c
(
1+
n+1
2
(
pc
E(n)QG
)n)
. (2)
The energy dependence of the propagation speed of
photons translates into a difference in the arrival time ∆t
of photons emitted at the same time. For near-by sources,
like pulsars, the relation between the distance of the source
and the propagation time is straightforward and leads to the
following relation
∆t =
(n+1)d
2c
∆En(
E(n)QG
)n ≈ (n+1)d2c Enmax(E(n)QG)n (3)
where ∆En = Enmax − Enmin, which can be approximated
by the the maximum photon energy as ∆En ≈ Enmax. The
distance to the source is d.
For sources at cosmological distances, like active galactic
nuclei (AGN) or gamma ray bursts (GRB), one has to
include the effects of the redshift during propagation and the
non-trivial metric of the expanding universe to obtain [7]
∆t =
n+1
2
H−10
Enmax(
E(n)QG
)n ∫ z0 (1+ z′)nh(z′) dz′ (4)
with h(z)=
√
ΩΛ+Ωm(1+ z)3 and using the cosmological
parameters H0 = 70kms−1 Mpc−1, ΩΛ = 0.7, and Ωm =
0.3.
LIV limits
Observations of Pulsars, GRBs, and AGN have been used
to establish limits on the scale of QG. For a compilation
of results, see [6] and references therein. Some additional
results are in [8, 9]. The most difficult part in establishing
stringent limits is estimating the possible propagation delay.
The simplest assumption to make is the simultaneous
emission of all photons, Using this assumptions means one
over-estimates the time difference ∆t, since astrophysical
effects in the sources will themselves spread out the
emission of photons over an extended period of time.
Precise modelling and sophisticated analysis techniques
can help to improve limits on ∆t and thereby improve the
derived limits.
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Source Experiment Limit on E(1)QG Limit on E
(2)
QG Distance ∆t Emax Ref.
Crab VERITAS 3 ·1017 GeV 7 ·109 GeV 2.2kpc 100µs 120GeV [8]
GRB090510 Fermi/LAT 1.5 ·1019 GeV 3 ·1010 GeV z = 0.903 829ms 31GeV [10]
PKS 2155-304 HESS 2.1 ·1018 GeV 6.4 ·1010 GeV z = 0.116 likelihood fit [12]
HAWC Pulsar ref. HAWC 1017 GeV 9 ·109 GeV 2kpc 1ms 500GeV
HAWC GRB ref. HAWC 4.9 ·1019 GeV 1.5 ·1011 GeV z = 1 1s 100GeV
Table 1: Compilation of the most stringent results on LIV published and the potential of the HAWC observatory, based on
the reference scenarios described in section 4.
The best limits from pulsars have been reported by
VERITAS [8] to be E(1)QG > 3 · 1017 GeV and E(2)QG > 7 ·
109 GeV.
The most stringent limits from GRBs have been es-
tablished by the Fermi/LAT collaboration, based on the
observation of GRB090510 [10] to be E(1)QG > 1.5 ·1019 GeV
and E(2)QG > 3 · 1010 GeV. Somewhat less stringent limits
have been set using data from GRB080916C [11].
The limit on the quadratic term has been improved by
HESS using the observation of the flare of PKS 2155-304
on MJD 53944 [12] to E(2)QG > 6.4 ·1010 GeV.
HAWC potential for LIV limits
Motivated by the sources used in the analyses quoted in
section 4, we establish reference scenarios for GRB and
pulsar observation to establish the potential of HAWC for
setting limits on LIV models.
Our reference scenario for pulsars is motivated by the
VERITAS observation of the Crab pulsar up to 120GeV
[13] and the limits of LIV derived from that observation [8].
We assume a limit ∆t = 1ms, a factor of 10 worse than
the VERITAS limit. This gets compensated by assuming a
pulsar with Emax = 500GeV at a distance of 2kpc. Based
on this, we can establish limits for the linear term E(1)QG
up to 1017 GeV and for the quadratic term E(2)QG of up to
9 ·109 GeV. The assumption of an increase in the observed
Emax allows for an improved limit on the quadratic term,
despite the increase in the assumed limit on the time
difference. One has to assume that such a source, if it exists,
will also be observed by IACTs. It will remain to be seen
if the HAWC’s ability to monitor a pulsar continuously
will allow us to reach a competitive limits on differences in
propagation time, needed to establish stringent limits.
To establish a reference scenario for LIV limits from
GRBs, we look at the properties of the short burst
GRB090510 [10] and of the long burst GRB130427A [9].
As a reference, we select a short burst with ∆t = 1sec at a
redshift of z = 1 with a maximum observed photon energy
of Emax = 100GeV, a burst which is detectable if it occurs
in the field of view of HAWC [14]. The time difference and
redshift of the reference scenario are clearly compatible
with values of GRB0800916C [10], GRB090510 [11], and
GRB130427A [9]. The maximum photon energy at the
source in our reference scenario is 200GeV. We believe
this to be slightly optimistic, but justified, given existing
observations. The maximum photon energies reported
for the GRBs mentioned above are 13GeV, 31GeV, and
94GeV, which translate to 69GeV, 55GeV, and 125GeV.
In this scenario, a limit of 4.9 · 1019 GeV for the linear
term E(1)QG and 1.5 · 1011 GeV for E(2)QG. Comparing these
number with the limits reported in section 4 shows that, in
this scenario, HAWC has the potential to improve on the
currently established limits both for the linear and quadratic
terms.
It is unlikely that HAWC will be able to improve limits
based on observations of AGN flares by IACTs. The lower
statistics of HAWC implies less detail in light curves, and
in turn a less restrictive estimate of ∆t.
Of the sources considered here, pulsars have the ad-
vantage that they are long-lived and therefore reliably
detectable. HAWC’s ability to monitor a source contin-
uously competes with higher statistics, but time limited,
observations by IACTs. One-off transients like GRBs have
the largest potential for setting stringent limit. HAWC fares
well in this scenario, since it has a higher energy reach than
satellite instruments, and a larger field of view than IACTs,
which increases the chance of detecting short transients.
The duration of AGN flares is sufficiently large for IACTs
to slew into position to observe. It is unlikely that HAWC
will be able to compete in this area, assuming similar
observation times.
Conclusions
We demonstrated the potential of the HAWC gamma ray
observatory to study possible deviations of the speed of
photons from the speed of light c, which are predicted by
some classes of models with LIV. We conclude that HAWC
is capable of setting competitive limits on the scale of LIV
in such models, especially using GRB observations.
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Abstract: The intergalactic magnetic field (IGMF), presumed to exist in the void regions between galaxy clusters,
may play a role in galaxy formation, contain information about conditions in the early universe, or influence
the trajectories of cosmic rays of extragalactic origin. Recent studies have attempted to measure the IGMF by
searching for its influence on the pair cascades produced when very high energy gamma rays from blazars interact
with the extragalactic background light (EBL). The analysis of simultaneous data from imaging atmospheric
Cherenkov telescopes (IACTs) and the Fermi Gamma Ray Space Telescope (Fermi) suggests that the strength of
the IGMF may be greater than 10−15 gauss. However, this conclusion relies on assumptions about the properties
of the source that are difficult to verify with existing IACT observations. The High Altitude Water Cherenkov
(HAWC) Observatory, currently under construction on the slopes of Sierra Negra in Mexico, is uniquely situated
to contribute to measurements of the IGMF. With an instantaneous field of view of 2 sr, sensitivity to gamma rays
with energies above 50 GeV, and a large duty cycle, HAWC will provide unbiased observations of the average
fluxes from blazars and accurate measurements of the attenuation of gamma rays due to interactions with the EBL.
In this work, we present the capability of HAWC to contribute to measurements of the IGMF via observations of
the delayed secondary flux following a bright blazar flare.
Keywords: HAWC, blazars, gamma rays, IGMF.
The Intergalactic Magnetic Field
Magnetic fields are known to exist ubiquitously within
the galaxies, filaments, and clusters that comprise the
large-scale structure of the universe. However, conclusive
evidence for the existence of a magnetic field in the void
regions that dominate the volume of the universe remains
elusive. The voids can become magnetized during phase
transitions in the early universe, after which components of
the field with correlation lengths large enough to withstand
magnetic diffusion over a Hubble time evolve in strength
only due to the cosmic expansion [1]. Referred to as the
intergalactic magnetic field (IGMF), the field in the voids
may provide the seeds for magnetohydrodynamic processes
that generate the fields presently observed in galaxies and
clusters. Seed fields with present-day values as small as
B= 10−20 gauss could readily explain the observed galactic
and cluster fields when adiabatic compression and dynamo
generation are taken into account [2]. At present, however,
Faraday rotation measurements of distant quasars constrain
the IGMF strength to be smaller than 10−9 gauss [3],
leaving a wide range of field strengths unexplored and the
seed-field hypothesis largely untested.
In recent years, a new technique has been developed
that employs gamma-ray observations of distant blazars
to measure the intergalactic magnetic field (IGMF) in the
unexplored range from 10−18 to 10−14 gauss [3–6]. Gamma
rays with energies above a few hundred GeV interact
with the extragalactic background light (EBL), producing
electron-positron pairs whose trajectories are sensitive to
the strength of the IGMF. The pairs scatter target photons,
primarily from the cosmic microwave background (CMB),
via the inverse Compton process, producing a secondary
cascade of gamma rays. Owing to the deflection of the pairs,
the influence of the IGMF manifests in the time profile [7–9]
and angular extent [10, 11] of the cascade emission.
Several recent studies [12–19] have used ground-based
imaging atmospheric Cherenkov telescopes (IACTs) to
measure the attenuated direct flux which gives rise to
the cascade. These studies have found that, due to the
absence of any observed cascade by the Fermi Gamma
Ray Space Telescope (Fermi), the IGMF strength is likely
larger than 10−15 gauss. However, the conclusions of these
studies rest heavily on the assumption that the sparsely
sampled measurements of the flux from a few sources are
representative of the flux from those sources over a period of
several years, and a change of 50% in the average flux could
invalidate their conclusions [20]. Unbiased measurements
of the average flux from the sources are therefore required
to interpret the results of these non-observations of the
cascade by Fermi.
The HAWC Dectector
The High Altitude Water Cherenkov (HAWC) Observatory,
currently under construction on the slopes of Sierra Negra
in the Mexican state of Puebla, is uniquely situated to
contribute to studies of the IGMF. The characteristics and
general capabilities of HAWC are described in detail in [21].
Boasting a large field of view of 2 sr and a duty cycle above
90%, HAWC will observe all blazars with declinations
between −20◦ and 60◦ in an unbiased manner every day.
Among many other science goals, HAWC will monitor
the long-term properties of the gamma-ray flux from these
blazars, and it also will search for strong flares. In this work,
we focus on the capability of HAWC to detect the IGMF
based on the timing information available from a bright
blazar flare.
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Figure 1: A conceptual model of the light curve for a blazar
flare of duration ti (see text). The intrinsic flare is shown as
a solid black curve, while the delayed secondary appears
as a red dashed curve. Observations of the secondary flux
occur between times t1 and t2.
Blazar Flares
Blazars are known to be highly variable sources, often
flaring to fluxes more than an order of magnitude higher
than their quiescent emission for time periods ranging from
minutes to years. For example, Markarian 421 (Mrk421),
the nearest known blazar, has historically flared to more
than 10 times the flux of the Crab nebula [22], and recently
exhibited an episode of flaring more intense than any other
previously observed flare in this source [23]. We now
outline some general considerations in the characterization
of blazar flares and the possibility of detecting IGMF-
induced delayed cascade emission following a flare.
Flare Model
We assume a simple model in which the blazar emits a flare
with a constant intrinsic flux Fi that persists for a time ti.
Figure 1 depicts a conceptual model of this flare followed
by the secondary flux that arises due to interactions with the
EBL and CMB. If we observe this secondary flux between
times t1 and t2, we can write the average value of this flux
as
Fs =
f
1− f I(t1, t2)
ti
t2− t1 Fi, (1)
where f is the ratio of the number of secondary gamma rays
to the total number of primary and secondary gamma rays,
and
I(t1, t2) =
∫ t2
t1 dt
′g(t ′)∫ ∞
0 dt ′g(t ′)
(2)
is the normalized integral of the secondary flux g(t) between
times t1 and t2.
The spectrum of the intrinsic flare in our model takes the
form
F(E) = F0E−γ exp(−E/EC), (3)
where F0 is a normalization parameter, γ is the spectral
index, and EC is an exponential cutoff energy.
Detectability Requirements
For background-limited observations, the significance S of
the secondary detection, expressed in σ , will scale with the
product of the secondary flux Fs and the square root of the
observation time:
S = S0Fs
√
t2− t1, (4)
with S0 an instrument-dependent scaling parameter ex-
pressed in flux units per
√
time. Plugging in equation 1, we
find
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Figure 2: Fraction of gamma rays in the cascade as a
function of the spectral index of the intrinsic flare. The
thick lines are for a redshift of 0.14, while the thin lines
are for a redshift of 0.03. The solid black lines indicate the
integral above 100 GeV, while the dashed red lines are for
the integral above 1 TeV. We assume a cutoff energy of 5
TeV.
S = S0
f
1− f I(t1, t2)
ti√
t2− t1 Fi. (5)
The detectability of the delayed emission, then, depends on
the scale of the delay and the fraction of cascade gamma
rays, both of which are energy-dependent quantities.
According to equation 5, the cascade fraction f should
be as large as possible to maximize the significance of the
detection. The optimum observation time t2− t1 is dictated
by two factors. First, t1 must be long enough after the flare’s
end to avoid confusing the delayed flux with the intrinsic
flux. If the flare starts at t = 0, then t1 = ti in the ideal case.
Second, t2 should be selected such that I(t1, t2)(t2− t1)−1/2
is maximized. That is, as I(t1, t2) approaches 1, further
observation becomes disadvantageous as the significance
decreases according to the square root scaling of equation 5.
Simulated Predictions
We use a dedicated simulation of the propagation of gamma
rays, electrons, and positrons through the intergalactic
medium to determine the detectability of flares with HAWC
and other instruments. The simulation includes interactions
with the CMB, EBL, and IGMF. Here, we use the simulation
to investigate the cascade fraction and the arrival times of
gamma rays in the cascade.
Cascade Fraction
Figure 2 shows the value of the cascade fraction f for two
different redshifts, z = 0.03, corresponding to Mrk421, and
z = 0.14, corresponding to a more distant blazar. Curves
for energies above 100 GeV and above 1 TeV appear in the
figure. Although HAWC is sensitive to energies as low as
50 GeV, the sensitivity changes rapidly below 1 TeV, and
we expect the actual value of f to lie somewhere between
the two curves.
In figure 3, the same curves appear as a function of the
cutoff energy EC, for a fixed spectral index of γ = 1.8. It
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Figure 3: Fraction of gamma rays in the cascade as a
function of the cutoff energy of the intrinsic flare. The
curves are the same as in figure 2.
is clear from this figure that the fraction of gamma rays in
the cascade is very sensitive to the presence of multi-TeV
gamma rays in the intrinsic flare. Combining the results
from figures 2 and 3, we see that for a flare with a cutoff
energy of 5 TeV and a particularly hard intrinsic spectrum, it
is probably reasonable to assume that the number of gamma
rays in the cascade represents a few percent of the total in
the HAWC energy range. Therefore, only a few extreme
flares will have properties favorable for IGMF detection
with HAWC. However, because of its wide field of view,
HAWC will be able to catch many more flares than IACTs,
boosting the chances of locating a hard flare with a high
cutoff energy.
In the Fermi energy band, the picture is much different.
Although equation 5 no longer applies because the flare and
secondary emission occur in different energy bands, the
cascade flux will be dominant, yielding a value of f very
close to 1. Thus, the interpretation of HAWC and Fermi
data collected simultaneously during a flare may well yield
information about the IGMF that would not be accessible
to either instrument alone.
Time Scale
The time scale over which the cascade flux is observed
should be long enough not to be confused with the intrinsic
flare, but short enough that the significance as given by
equation 5 is not reduced too much. We first consider the
flare properties necessary for a detection of the IGMF using
HAWC observations alone. When fully constructed, HAWC
will detect the Crab nebula at a significance of 5σ in a
single transit. It makes sense, then, to measure fluxes in
Crab units and time in transits, or days. In this case, we
can select some reasonable values for the parameters of
equation 5, S0 ≈ 5, f ≈ 0.05, and I(t1, t2)≈ 0.9. Plugging
these values in, we arrive at
Fiti ≈ 20
√
t2− t1. (6)
In other words, for a cascade with a time scale of 100 days,
if the flare lasted for 10 days, it would need to be about
20 Crab units. Although such an extreme event is rather
unlikely, it is worth noting that these simple calculations
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Figure 4: The cumulative distribution of gamma rays in
the cascade as a function of time. The intrinsic flare was
injected at the redshift of Mrk421 with a spectral index of
γ = 1.5 and a cutoff energy of 10 TeV. The curves are for
field strengths ranging from 0 gauss to 10−16 gauss.
demonstrate that the sensitivity of HAWC is good enough
to make a marginal detection of the delayed flux following
a flare. Moreover, equation 6 should be taken as an order-
of-magnitude estimate rather than a firm limit, and it is
likely that a more detailed analysis could reveal additional
sensitivity.
Figure 4 displays the cumulative distribution of gamma
rays in the cascade arising from an intrinsic flare of Mrk421.
By simple geometry arguments [17], we know that the
delay time should scale with the square of the field strength.
The curves indicate the time scale over which the cascade
develops to some fraction of its total value, and readily
demonstrate the expected scaling. For an IGMF of zero
strength, the opening angles of the inverse Compton and pair
production processes cause a delay time of a few seconds,
while for B = 10−16 gauss it takes about a year for the
cascade to develop fully. If the intrinsic flare lasts for a
week, then a field strength between 10−17 and 10−16 gauss
will induce cascade delays on the order of a few months,
much longer than the time scale of the flare, so HAWC
should be sensitive to an IGMF with a strength in this range.
We next turn to the combination of HAWC and Fermi
observations. For low field strengths, the cascade emission
will be dominant in the Fermi energy band, and any time
scale that is less than a year but longer than the intrinsic flare
is likely to be detectable. Furthermore, it may be possible
via a sophisticated analysis of the flare structure to rule out
a characteristic decay time scale in the Fermi data. In this
case, we would be able to place a firm lower limit on the
strength of the IGMF.
Figure 5 shows the cumulative distribution of cascade
gamma rays for field strengths of 0 and 10−18 gauss, and
for two different energy ranges to which Fermi is sensitive.
Curves in the higher energy band are scaled by 0.5 for
clarity. In the figure, it is clear that IGMF strengths around
10−18 gauss could be probed if the flare persists for no more
than several days. Additionally, in the lowest energy band,
the time scale in the B= 0 case is about an hour, suggesting
that a careful study of the internal structure of an intrinsic
flare would show decay features on hour time scales in
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Figure 5: Same as figure 4, but for two different energy
bands in the Fermi sensitivity range and only two IGMF
strengths. The thin curves are for gamma rays with energies
between 100 MeV and 1 GeV, while the thick curves are
for the 10 GeV to 100 GeV range. The solid black curves
represent the case B = 0; the dashed red curves represent
B = 10−18 gauss. We scale the curves in the higher energy
band by a factor of 0.5 for clarity.
the absence of an IGMF. Conversely, the absence of such
features would be strong evidence for the existence of a
nonzero IGMF.
Detection Prospects
In studying the IGMF by searching for cascade emission
from blazars, it is crucial to have both TeV and GeV
observations. Once HAWC is fully operational, its ability
to monitor all sources in its field of view without having
to prioritize sources will render it very complementary
to the IACTs and Fermi. HAWC will contribute to the
development of a firm and unbiased understanding of the
average fluxes of gamma rays from blazars, informing
studies of the IGMF. Furthermore, HAWC will be able
to detect blazar flares and identify those that are most
promising for studies of the IGMF.
Using HAWC data alone, the detection of the IGMF in
the gamma-ray signals from a flare may be possible if the
strength is around 10−16 gauss. By including data from
Fermi, we can certainly extend the reach of this technique to
10−18 gauss. With a detailed analysis of the time structure
within the flare, we may be able to identify the absence
of hour-long decays following flare sub-structure, which
would provide strong evidence for the existence of the
IGMF.
The IGMF may not be the only mechanism by which
time delays are introduced into the gamma rays from a flare.
One other possible source would be Lorentz invariance
violation (LIV), for which the propagation speed of the
gamma rays would be energy dependent. An LIV-induced
delay, however, will apply to all gamma rays in the flare,
whereas the IGMF signal appears only in the cascade. Thus,
a clear signature of the IGMF will be that only a fraction of
the gamma rays in a particular energy band will be delayed
relative to the direct flux from the flare. Other mechanisms
that introduce time delays can most likely be dismissed for
the same reason.
In the future, HAWC will play a major role in any
detection of the IGMF via blazar flares. Due to its ability to
monitor the entire overhead sky, HAWC will catch flares
as they happen, producing a large data set and identifying
those flares most promising for a follow-up study using
Fermi data. In the longer term, an instrument similar to
HAWC but with significantly improved sensitivity could
probe a broader range of IGMF strengths because it would
be sensitive to delayed emission following weaker flares.
HAWC can function as a pathfinder for such an experiment.
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